Introduction
Density is one of the fundamental physical-chemistry properties for molten slags. It plays crucial roles in a lot of unit processes of pyrometallurgy, including metal-slag separation, slag foaming, heat transfer, etc. Due to the technical difficulties and high cost of density measurement at high temperatures, it is worthwhile to develop an accurate model for density calculation.
The density is proportional to reciprocal volume, hence most of the density models are based on different ways to represent the molar volume. In the early stage of density modeling, Bottinga and Weill 1) proposed an additive model based on the idea of constant partial molar volume of each component. The model was further revised by taking into the consideration of composition dependence of partial molar volume, 2) and found much higher accuracy. After that Mills and Keen 3) also proposed a model in which partial molar volume of Al 2 O 3 and SiO 2 are polynomial functions of composition. Since then many density models have been developed. A brief summary of these models was presented in Table 1 . It can be found that in all density modelings, a common key issue is the description of composition dependences of partial molar volume. Generally, it can be described by the concept of excess molar volume, [4] [5] [6] [7] [8] [9] [10] geometric model, [11] [12] [13] optical basicity 14, 15) or thermodynamic models. [16] [17] [18] [19] [20] [21] An ideal density model for molten slags should cover
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wide composition ranges, calibrate by various sources of experimental data, and result in a low error (i.e., less than 2%). In addition, the model should be easy-understood and convenient to use. This is especially important for numerical simulation of complex phenomena in metallurgical process, where simple and accurate models are always required. As shown in Table 1 , most of existing models can not meet these criteria quite well, at least for SiO 2 -Al 2 O 3 -CaO-MgO system and its subsystems. The SiO 2 -Al 2 O 3 -CaO-MgO systems are of considerable importance for controlling and optimization of metallurgical process. Therefore, further improved density model are still needed.
In this work, we present an excess molar volume based calculation model for density of molten slags in SiO 2 -Al 2 O 3 -CaO-MgO system and its subsystems. The model covers very wide composition ranges in unary, binary, ternary and quaternary systems, and the parameters were optimized in a global way to improve the accuracy.
Method
The density of molten slag was calculated by molar volume according to following equation where ρ is the density of the slags, X i is the mole fraction of component i, M i is the molar mass of component i, and V m is molar volume of slag.
It is known that the densities of silicate and alumino-silicate melts exhibit only a small dependence on the melt structure. 23) Thus in this work the molar volume of slag was calculated according to molar volume of pure components 
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Mills et al. where V i (T) is the temperature-dependent partial molar volume of the component i, and V EX is the temperatureindependent excess molar volume of the slag.
V i (T) was further expressed in form of linear dependence of temperature:
where V i,R is partial molar volume of the component i at reference temperature T R , and ∂V i /∂T is the thermal expansion coefficient of component i. The excess molar volume in Eq. (2) (4) where a ij represents the interaction factor between components i and j.
In order to construct a reliable model, a vast number of density measurements were carefully collected through open published literatures. A summary of experimental data was presented in Table 2 . Totally 909 measurements were collected in unary, binary, ternary and quaternary systems. The compositions of slags in the dataset were shown in Fig. 1 and Table 3 .
The unknown parameters in this model, V i,R , ∂V i /∂T and a ij , were obtained by calibration to experimental measure- Zielinski and Sikora (1977) ments, using non-linear least-squares fitting based on the well-known Levenberg-Marquardt algorithm. All of the collected data were used equally in the optimization.
Results and Discussions

Model Parameters
The optimized model parameters were presented in Tables 4 and 5. In current model, the reference temperature, T R , was set as 1 773 K, and the thermal expansion coefficient, ∂V i /∂T, was simply set as a constant. It indicates that the temperature dependence of partial molar volume is linear. To validate the effect of temperature on thermal expansion coefficient, ∂V i /∂T at different T R were investigated using the same optimization method. As shown in Fig. 2 , it is clear that over wide ranges of T R , the variations of ∂V i /∂T of all components are extremely small. Therefore it is reasonable to set ∂V i /∂T as temperature-independent constants.
The excess molar volume, V EX , is a result of non-ideal mixing between components. Theoretically, it is a function of both composition and temperature. However, only the effect of compositions on V EX was taken in consideration in this model, because it is found the model accuracy has little improvement after considering either the linear or reciprocal linear dependence of temperature, as expressed by: 
where b is fitting parameter. The composition dependence of V EX in current model was represented by only binary interactions between components. The ternary and quaternary interactions were neglected because we founded they have only small improvements on the accuracy.
Model Quality
The quality of the model on density calculation was evaluated by difference between measured and calculated density value, which was expressed as: (6) where ρ i,cal and ρ i,mea are the calculated and measured density for one slag at one temperature, respectively. The average relative error, Δ, for N measurements was calculated by ∆ = ∑ (7) The root mean square error (RMSE), which represents the average absolute error, was also calculated:
The comparison between experimental data and model calculated values was shown in Fig. 3 . Current model comes to remarkable accuracies of average relative error (Δ) of 1.62%, and overall absolute error (RMSE) of 56 kg/m, 3 as listed in detail in Table 6 . In addition, no obvious trends were found between relative errors and compositions and temperature. It indicates that current model could calculate the density of slag reliably over these ranges.
Composition and Temperature Dependences of Density 3.3.1. Unary Systems
The temperature dependence of density of molten SiO 2 was presented in Fig. 4(a) . The calculated density in this work is generally agree with the experimental measurements of Bacon et al. 24) and predicted results of Hudon, 25) although it shows relatively larger deviation than other systems. It is likely caused by the fact that the viscosity of molten SiO 2 is extremely high, then accurate measurement of density for SiO 2 is very difficult.
The temperature dependence of density of molten Al 2 O 3 was presented in Fig. 4(b) . The density of Al 2 O 3 has been measured using several methods, including X-ray, MBP, Leviation, SBA. These measurements agree well with the calculated results in this work. Several measurements were performed below the melting point, and these measurements show less agreement with the calculated values, which is likely because of the inhomogeneous of the melts.
For pure CaO and MgO, no measurements on the density of melts were found because of their high melting temperature. The densities of CaO and MgO in solid state are expected to be higher than in liquid states, thus it would be interesting to compare the predicted liquid density to the According to the results shown in Table 5 Table   4 ), as well as the similar effect on viscosity of the complex charge compensation of tetrahedrally coordinated Al 3 + by Ca 2 + or Mg 2 + cations. 72, 73) Using current density model, the density curves for binary systems of SiO 2 -M and Al 2 O 3 -M at 1 773 K and 1 873 K were calculated, as shown in Fig. 6 . It is shown than MgO-X (X = SiO 2 , Al 2 O 3 ) systems have higher densities than CaO-X (X = SiO 2 , Al 2 O 3 ) systems. It should be noted than the trends in Fig. 6 were expressed in form of mass percent. If molar percent is used, it will be found that the CaO-X systems have higher density than MgO-X systems, which is in agree with the study of Tomlinson et al. 36) 55) and Zielinski and Sikora 50) with MBP method. The comparisons between measured and calculated density for ternary systems were presented in Fig. 7 , where the calculated density values are found agree well with the measured values for all the ternary systems.
Using current density model, the iso-density curves for ter- will cause an obvious increase in density for 62) (SBA method) ,Courtial and Dingwell 5) (DBA method) and Lange and Carmichael 6) (DBA method), as shown in Fig.  9(a) . The model calculation also agree well with the measured data by Dzhincharadze et al. 70) (SD method) for high contents of silica, but the deviation is noticeable, specially with lower SiO 2 , as presented in Fig. 9(b) .
Using current density model, the iso-density curves for quaternary systems of SiO 2 -Al 2 O 3 -CaO-MgO with constant MgO content (5%, 10%, 15% and 20%) at 1 773 K and 1 873 K were calculated, as shown in Fig. 10 . It is found the composition dependences of density for quaternary systems are nearly the same to SiO 2 -Al 2 O 3 -CaO ternary system, excepting that the densities increase with increasing MgO content, which is consistent with the trends in binary and ternary systems.
Conclusions
In this work, a density calculation model was established for molten slags in SiO 2 -Al 2 O 3 -CaO-MgO system and its subsystems, by calibrating with 909 open published density measurements. The following main conclusions can come out from this study:
(1) Current model covers wide composition ranges in SiO 2 -Al 2 O 3 -CaO-MgO systems, and calculates the density with remarkable accuracy of relative average error (Δ) of 1.62% and overall absolute error (RMSE) of 56 kg/m 3 . (2) The thermal expansion coefficients of SiO 2 , Al 2 O 3 , CaO and MgO are constants over studied composition and temperature ranges, indicating a linear relationship between molar volume and temperature.
(3) For all of binary, ternary and quaternary systems, it is found that the densities always decrease with increasing SiO 2 content. On a mass percent basis, substitution of SiO 2 by Al 2 O 3 will cause an obvious increase in density; whereas substitution of CaO by MgO will result in a slight increase in density.
